Abstract: When drying a clayey soil, shrinkage and then cracking on soil surface occur due to water loss by evaporation, this phenomenon seems to be temperature dependent. In the present work, experimental tests were conducted on saturated slurry to investigate the desiccation cracking behavior at three temperatures (22, 60 and 105 °C). The initiation and propagation of desiccation cracks during drying was monitored using a digital camera. By applying computer image processing technique, the surface crack ratio (R SC ) which is the ratio of the surface area of cracks to the total surface area of specimen, was defined to quantify crack networks at different water contents. The experimental results show that the initial critical water content (w IC ), which corresponds to the initiation of desiccation crack, increases with temperature rise. After the initiation of a crack, the ratio R SC increases with decreasing water content and then keeps almost constant when the water content becomes lower than the critical water content (w FC ). By comparing the cracking curve with shrinkage curve, it has been found that the cracking curve, to some extent, reflects the shrinkage properties of soil since the w FC is related to the shrinkage limit and slightly influenced by temperature.
Introduction
It is natural phenomenon that cracks develop in clayey soils as they shrink upon drying. Better understanding the soil cracking process is essential in analyzing drought effects on buildings, because the presence of cracks changes soil surface properties and significantly modifies both the water infiltration and evaporation patterns. On the other hand, in geological, environmental and geotechnical engineering fields, clay-rich soils are widely used in constructing low-hydraulic-conductivity buffers, liners and covers for waste repository and mine tailings dams. The desiccation cracks developed in these structures are governing factors for their hydraulic properties; water conductivity is drastically increased by cracking, leading to dysfunction of the barrier systems. Albrecht and Benson (2001) found that the hydraulic conductivity of some clay liner materials caused by desiccation cracks was almost 500 times that of intact soil. The experiments of Boynton and Daniel (1985) and Rayhani et al. (2007) showed that soil cracking increases the hydraulic conductivity of several orders of magnitude. In addition, these cracks induced by shrinkage also create weak zones in a soil body with reduced overall mechanical strength and bearing capacity, and increased compressibility. The desiccation cracks were also observed in natural expansive soil slopes and vertical cuttings, considerably affecting their stability (Bagge, 1985; Silvestri et al., 1992) . In the case of earth dam, the presence of crack may also turn into piping leaks, leading to dam failures as for the Stockton and Wister dams (Sherard, 1973) . In the agricultural field, as desiccation cracks control the rate and velocity at which water, solutes and micro-organisms are transported in the soil, they can significantly affect the crops growth and production (Bronswijk et al., 1995; Kelly and Pomes, 1998) .
The non-exhaustive applications mentioned above explains the large attention paid by researchers and scientists to the desiccation cracking phenomenon for clayey soils (Lau, 1987; Montgomery and Parsons, 1990; Corser and Cranston, 1991; Morris et al., 1992; Abu-Hejleh and Znidarcic, 1995; Ayad, 1997a, 1997b; Ayad et al., 1997; Miller et al., 1998; Yesiller et al., 2000; Péron et al, 2006; Prat et al., 2006; Nahlawi and Kodikara, 2006) . Basically, shrinkage is mainly due to water loss by evaporation. If drying proceeds from the surface downwards to the deeper soil, the dehydrated surface layer shrinks first and thereby results in tensile stress in the surface layer. Corte and Higashi (1960) pointed out that desiccation macro-crack is likely to occur if the soil shrinkage is constrained or the tensile stress generated reaches the soil tensile strength. However, as soil is a highly complex material, its desiccation cracking behavior is governed by a large number of factors such as mineral composition, clay content, relative humidity, layer thickness and size, boundary conditions, etc. (Fang, 1997; Albrecht and Benson, 2001; Nahlawi and Kodikara, 2006; Prat et al., 2006; Lakshmikantha et al., 2006; Rodríguez et al., 2007; Tang et al., 2007) . Even though many works have been focused on this issue, the essential mechanism of desiccation cracking is still not well understood. To common knowledge, the water content or water loss is the key parameter that controls the cracks initiation and propagation. On the other hand, for a hal-00539624, version 1 -24 Nov 2010
given soil, the water loss or evaporation rate is strongly dependent on temperature and relative humidity. This paper presents the results from laboratory experiments conducted on Romainville clay from a slurry state to investigate the shrinkage and desiccation cracking behavior at different temperatures. Image processing technique was applied to characterize the crack pattern. Surface crack ratio (R SC ), which is the ratio of the surface cracks area to the total surface area of a specimen, was determined at different water contents to quantify the cracking extent on the soil surface. Some critical water contents during drying were identified. In addition, the relationship between cracking behavior and shrinkage properties were discussed.
Material and method
Romainville clay was used in this investigation. It was taken from the East of Paris. The physical properties are presented in Table 1 . The clay minerals are illite and smectite; the large liquid limit (77%) and plasticity index (37) reflects the expansive behavior of this clay. Indeed, according to the Casagrande's classification criterion, the soil is a high plasticity clay. It belongs to CH group following the unified soil classification system (USCS). The highly plastic behavior of the soil shows that the fraction of smectite, even tough not dominant compared to illite, play an important role in the overall behavior. The natural Romainville clay was air-dried, grounded and passed through 2 mm sieve. Over-saturated slurry specimens were prepared by mixing soil powder with distilled water at a water content of about 170 %. The obtained slurry was energetically hand-mixed; and then a desired slurry quantity was poured into glass cups (117 mm in diameter). To remove entrapped air bubbles in soil slurry, these cups were placed on a vibration device for 5 minutes. Finally, the cups containing prepared slurry samples were covered for 24 hours. The final settled slurry thickness was about 10 mm.
Nine specimens were prepared for drying tests at three temperatures. Three specimens were exposed to drying in room temperature (22 ± 1 °C, 55 ± 5 % of relative humidity, RH), three specimens were placed in an oven with temperature controlled at 60 °C (5 ± 2 % RH) and three others at 105 °C (0 % RH). Note that the fan of the oven was stopped during drying. Along the tests, the specimens were weighed to an accuracy of 0.01 g to record the water loss at varying intervals, for the determination of water content changes. As the water distribution was normally heterogeneous during the evaporation process despite the small thickness of the specimens, the measured water contents correspond actually to average values. At the same time, a digital camera was fixed above the specimens to monitor crack patterns that were analyzed using image processing technique to determine the R CS at different water contents. Figure 1 presents the schematic set-up used. Note that for the tests performed at high temperatures (60 and 105 °C), the specimens were moved out from the oven for weighing and picturing. Much attention was paid to this procedure: it was finished in less than 15 seconds so as to minimize the effects of environmental temperature variations.
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To investigate the volume shrinkage properties under room temperature, four other specimens were prepared following the same procedure mentioned above. During drying, small soil clods were taken from the four specimens at different drying intervals to determine their water contents and densities. The clod volume used for the density determination was measured by immersing it in a non-wetting hydrocarbon liquid. According to the specific gravity presented in Table 1 and the obtained water content and density, the void ratio and the corresponding degree of saturation of specimens were calculated. For the specimens dried at high temperatures (60 and 105 °C), the final void ratio was determined after cooled to room temperature.
The procedure of digital image processing is shown in Figure 2 (see also Tang et al., 2008; Liu et al., 2008) . Firstly, the color photograph of the crack pattern was changed to a grey image ( Figure 2a) ; secondly, the grey image was segmented into cracks and aggregates by binarisation, which results in binary black and white image (Figure 2b ). It can be seen that the black areas represent the cracks network, and the white areas represent the aggregates. Therefore, the R SC can be determined by counting pixels based on the binary crack pattern. Figure 3a shows the change in water content with time for all specimens. Note that all tests started from an initial water content of about 170 %. Upon drying, the water content firstly decreased linearly and finally reached stabilisation, showing that the water evaporation rate was approximately constant for all specimens in the beginning of drying, and then began to slow down after a period of time and finally fell to zero. More than 4000 min was needed for specimens to reach stabilisation when dried at room temperature (about 22 °C); this is about 13 times that for specimens at 60°C and 105 °C. After reaching stabilisation, the remaining water content was higher at lower temperature: 4.5 % at 22°C, 0.6 % at 60°C and 0 at 105°C. From the recorded data shown in Figure 3a，the initial average evaporation rate was evaluated and the results are shown in Figure 3b . A significant temperature effect was evidenced: the initial average evaporation rate was 0.02 g/min at 22°C, 0.25 g/min at 60°C and 0.50 g/min at 105°C. Figure 4 depicts the relationship between R SC and water content (w) at different temperatures. It can be observed that R SC increased quickly with decreasing w in the early stage of cracking. By contrast, with further drying, the increment of R SC decreased quickly once w was lower than a specific value. From the R SC -w curve, the following two parameters can be identified: the initial critical water content (w IC ) which corresponds to the initiation of desiccation cracking, and the final critical water content (w FC ) which corresponds to the transition point where R SC trends to stable value. These two parameters were determined as follows: w IC was determined by weighing the specimen once the first crack was observed on the specimen surface; w FC was estimated as the intersection of two lines as shown in Figure 4 : (i) the regression line obtained from the last three points on the cracking curve, and (ii) the regression line determined by the four or five points before the highest curvature segment on the cracking curve. In addition, Figure 4 also shows that the R SC was larger at higher temperature at a given water content: the final R SC values were about 22, 17 and 14 % for the specimens at 105, 60 and 22 °C respectively.
Results
The effects of temperature on w IC and w FC are shown in Figure 5 . It can be seen that w FC was not significantly affected by temperature; at 22, 60 and 105 °C, the average w FC values were 12.5, 11.4 and 10.3 % respectively. By contrast, temperature showed a significant effect on w IC ; when the temperature increased from 22 to 105 °C, the average w IC value increased from 38.0 to 90.9 %. The corresponding desiccation time to initiate the first crack was also temperature-dependent: it decreased with temperature increase. In this investigation, the first crack was observed only after about 145 and 60 minutes for the specimens dried at 60 and 105 °C, respectively; nearly 2 days was needed for the specimens dried at 22°C.
The variations of void ratio and degree of saturation at room temperature (22°C) are shown in Figure 6 . It can be seen that the void ratio decreased linearly with decreasing water content till the water content was approximately 17 %. Once the water content reached this value, commonly called air entry (AE) value, the specimens were no longer saturated. With further drying, the volume shrinkage slowed down and finally the void ratio almost reached stabilization when the water content was lower than about 12 %, this water content value being commonly called shrinkage limit (SL: specific water content at which further water loss does not result in any reduction of soil volume). The final values of void ratio were in the range of 0.41 -0.43 and the degree of saturation was about 25 %.
At different temperatures, the final void ratio at the end of drying was also evaluated. The results are presented in Figure 7 . It is observed that the final void ratio was larger at higher temperature: e = 0.43 at 22°C, 0.46 at 60°C, and 0.47 at 105°C. A summary of the results for each test is made in Table 2 .
Discussions

Initiation of desiccation crack
When an initially saturated soil is under drying conditions, water-air menisci start to occur at the soil surface. As a result, capillary suction in the upper layer is developed. This capillary suction engenders first an arrangement of soil particles and thus a significant volume change. Note that during this process, the soil is remaining saturated. When a certain degree of consolidation is reached, this soil particles arrangement stops and with further water evaporation, air starts to enter the deeper layer of the soil: the air entry value that corresponds to the water content at this moment is reached. From the particle level, one can imagine that each particle in the surface layer is subjected to a tensile stress induced by the developed capillary suction. Obviously, this tensile stress is increasing when water evaporation proceeds. Once the tensile stress exceeds the tensile strength of the soil, desiccation cracks occur. Note that soil tensile strength increases with suction increase (Zeh and Witt, 2007; Morris et al., 2007) .
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To a certain extent, soil microstructure always shows certain heterogeneity even for slurry specimens. Thus, the bonding strength between soil particles is not uniform. Under the effect of the tensile stress, the weak zones with lower bonding strength fall in failure first. That is why cracks usually initiate at soil surface defects (Zabat et al., 1997; Weinberger, 1999) . Therefore, the critical soil tensile strength for cracking onset reflects the local mechanical properties of the weakest zone. This tensile strength must be different from that measurement in a macroscopic level.
It has been observed in Figure 2 that the crack segments are almost perpendicular one to another and the intersection angles are generally equal to 90 degree; the crack network is mainly composed of square pattern. This observation can be explained based on the maximum stress release criterion and crack propagation criterion (Lachenbruch, 1962; Morris et al., 1992) . Because the internal tensile stress perpendicular to the existing crack plane has been released already, the direction of the maximum tensile stress on the tip of a propagating crack must be parallel to the plane of the existing crack. The propagation of the desiccation crack is thus gradually turned towards the preexisting crack until they finally intersect at right angles. Note however that in field conditions, the crack pattern is in general not as regular as that observed in laboratory conditions. This is mainly because the field soils are much more heterogeneous and moreover they are conditioned by various environmental factors such as the variable climatic conditions and the presence of surface vegetation cover. The water evaporation and suction developed are therefore not uniform. Tang et al. (2008) investigated the effect of wetting-drying cycles on soil crack pattern in laboratory conditions, and found that the cracks were becoming more irregular with increasing number of wetting-drying cycles. They also attributed this phenomenon to the decreasing homogeneity of the soil specimen.
Temperature dependence of water evaporation rate
The rate and duration of water evaporation depends on various factors such as temperature, relative humidity, wind velocity, solar radiation, soil suction, salt concentration, soil pore size and layer thickness, etc. (Kayyal, 1995; Cui et al., 2005 ; Prat et al., 2006; Rodríguez et al., 2007) . At a higher temperature, the water molecule motion velocity and kinetic energy is higher, and the viscosity, the interfacial tension of water and the water retention capacity of soil are lower (Tang and Cui, 2005) . Therefore, soil water molecules escape more easily to the atmosphere at a higher temperature, resulting in a higher water loss rate. Nevertheless, the temperature itself cannot be regarded as the unique variable controlling water evaporation rate in this investigation. Indeed, according to Kelvin law, a higher temperature corresponds to a lower relative humidity. In other words, at a higher temperature, the relative humidity gradient between soil surface and the upper air layer (namely the vapor pressure gradient across soil-air interface) is higher. This can equally explain the higher evaporation rate observed at higher temperatures.
With further drying, the water evaporation rates of all the soil specimens decreased and finally fell to zero. This observation is in agreement with that made by Wilson et al. (1997) who conducted evaporation tests on three different soil samples, and can be hal-00539624, version 1 -24 Nov 2010 related to three factors: (i) the availability of water in soil specimens decreased with time; (ii) the developed high suction bounded the water molecules and prevented them from escaping to the atmosphere; (iii) the vapor pressure gradient across soil-air interface decreased with drying.
Temperature dependence of desiccation cracking behavior
As discussed above, desiccation cracking is mainly governed by soil suction and tensile strength; when the tensile stress induced by suction increase exceeds the tensile strength, cracks occur. Unfortunately, unlike the temperature effects on compressive shear strength (see for instance Michell, 1964; Cui et al., 2000; Villar and Lloret, 2004) , to the authors' knowledge, the temperature effects on the tensile strength have been not studied. Previous results showed that soil shear strength in general decreases with temperature (Michell, 1964; Cui et al., 2000) ; this leads to expect a decrease of tensile strength with temperature increase. As far as the suction change is concerned, as indicated by Kayyal et al. (1995) , the rate of suction increase is directly related to the evaporation rate. Therefore, at higher temperature, a higher suction increase rate can be expected. As a result, the induced surface tensile stress can exceed the tensile strength of grains in shorter time. To sum up, the earlier desiccation cracks observed in Figures 3 and 4 at higher temperatures can be attribute to both higher suction increase rate and lower tensile strength.
As mentioned above, cracking begins from the surface to deeper soil. At higher temperature, desiccation cracks initiates faster in the surface layer, and only a limited amount of water in the lower layer can be transported to the surface layer before the cracks initiation because of the generally low permeability of clayey soils. This would lead to a higher initial critical water content w IC . Furthermore, if the soil tensile is decreased by temperature rise, cracking would occur at lower suction or higher water content. This is another reason for the w IC increase with temperature as observed in Figure 5 .
At crack initiation, the degree of saturation may almost equal to one, but close to the air entry point (Simpkins et al., 1989; Péron et al., 2006; Rodríguez et al., 2007) . The results in Figure 5 show that the w IC of specimens drying under any temperature is much higher than the AE value (17 %, see Figure 6 ). This suggests that there is a significant difference between the present experimental w IC and the values reportedby the authors above. One of the possible reasons is that the measured w IC was an average water content value. As shown earlier, evaporation begins at soil surface and goes downwards to deeper soil. Water content distribution in the soil was therefore not uniform, and increased with soil depth. When the upper layer became unsaturated and desiccation cracks were initiated in it, the lower layer was still at higher degree of saturation. As a result, the herein measured w IC is much higher than both the actual local water content in upper layer and the theoretical AE value determined from the shrinkage curve. Nahlawi and Kodikara (2006) also highlighted that w IC generally increases as soil layer thickness increases. Actually, it is very difficult to find a suitable technique to monitor the actual changes of water content in upper layer. Moreover, it is also difficult to determine the exact position of the interface between hal-00539624, version 1 -24 Nov 2010 the upper and lower layer, because in microscopic scale, the thickness of upper layer at the beginning of cracking may be composed of only several clay sheets. In order to ensure a satisfactory accuracy in determining w IC , the simplest way is to decrease the sample thickness. In theory, if the specimen is thin enough, relative uniform water distribution would be obtained during drying, then the measured w IC, would be much closer to the theoretical AE value. In spite of the technical drawback of the adopted method related to the accuracy in determining w IC , it is believed that the value of w IC determined by averaging the water content over the thickness of 10 mm allows satisfactory characterization of the temperature effect on soil cracking, at least for engineering practice.
Soil shrinkage and soil cracking
During drying, the decrease in water content is largely accompanied by the arrangement of soil particles. The formed crack space is a fraction of the shrunk pore volume and reflects the shrinkage magnitude. When the water content reached the soil shrinkage limit, the soil particles almost reached their densest configuration and the pore volume remained unchanged with further water loss (Krisdani et al. 2008) . Accordingly, the cracks propagation also trended to finish at this critical water content. This phenomenon is clearly shown in Figures 4 and 6: both R SC and void ratio reached stabilization when water content was lower than either w FC or shrinkage limit (SL). The values of w FC ( Figure 5 ) and SL ( Figure 6 ) at room temperature are close, suggesting that the cracking curves shown in Figure 4 , to some extent, characterize the soil shrinkage behavior. In other words, there is a correlation between w FC and SL.
The results in Figure 4 show that R SC depends significantly on temperature: (i) at a same water content, the higher the temperature the larger the value of R SC , (ii) at the end of drying, a larger R SC was also obtained for the specimen dried at higher temperature. Actually, as shown in the previous sections, R SC is directly related to the soil shrinkage properties; and moreover, the shrinkage and cracking are both caused by the developed suction during desiccation. Kayyal et al. (1995) indicated that a higher evaporation rate results in a higher suction increase rate. As temperature rise increases the evaporation rate, the suction developed in the soil must be higher at higher temperatures, engendering larger shrinkage and more cracks or larger value of R SC.
Conclusions
Desiccation cracking was investigated on Romainville clay taken from the east of Paris. Soil water evaporation, extent of cracking and soil shrinkage at various temperatures were analyzed. The following conclusions can be drawn. i) Water evaporation rate increases with temperature, and at a given temperature two water loss stages can be identified during drying: a constant rate zone where water loss occurs at constant rate and a decreasing rate zone.
ii) The surface crack ratio R SC increases with increasing temperature. The R SC increases quickly with decreasing water content after the initiation of crack, and hal-00539624, version 1 -24 Nov 2010 then reaches a stabilized value.
iii) The formed crack space corresponds to the pore volume shrinkage. The cracking curve (R SC versus water content), to some extent, reflects the shrinkage properties of soil: the larger the soil shrinkage, the larger the value of R SC . iv) For an open soil specimen, drying or evaporation usually results in non-uniform water distribution in the soil. The upper layer becomes unsaturated first and desiccation cracks are initiated. The initial critical water content (w IC ) determined by averaging over the whole thickness increases with temperature and is much higher than the air entry (AE) point determined from the shrinkage curve.
v) The final critical water content (w FC ) determined from cracking curve can be correlated to shrinkage limit (SL) and slightly influenced by temperature. Table   Table 1．Physical hal-00539624, version 1 -24 Nov 2010
